Recent evidence suggests that the microbial community in the human intestine may play an important role in the pathogenesis of obesity. We examined 184,094 sequences of microbial 16S rRNA genes from PCR amplicons by using the 454 pyrosequencing technology to compare the microbial community structures of 9 individuals, 3 in each of the categories of normal weight, morbidly obese, and post-gastric-bypass surgery. Phylogenetic analysis demonstrated that although the Bacteria in the human intestinal community were highly diverse, they fell mainly into 6 bacterial divisions that had distinct differences in the 3 study groups. Specifically, Firmicutes were dominant in normal-weight and obese individuals but significantly decreased in post-gastric-bypass individuals, who had a proportional increase of Gammaproteobacteria. Numbers of the H 2-producing Prevotellaceae were highly enriched in the obese individuals. Unlike the highly diverse Bacteria, the Archaea comprised mainly members of the order Methanobacteriales, which are H2-oxidizing methanogens. Using real-time PCR, we detected significantly higher numbers of H2-utilizing methanogenic Archaea in obese individuals than in normal-weight or post-gastric-bypass individuals. The coexistence of H2-producing bacteria with relatively high numbers of H2-utilizing methanogenic Archaea in the gastrointestinal tract of obese individuals leads to the hypothesis that interspecies H2 transfer between bacterial and archaeal species is an important mechanism for increasing energy uptake by the human large intestine in obese persons. The large bacterial population shift seen in the post-gastric-bypass individuals may reflect the double impact of the gut alteration caused by the surgical procedure and the consequent changes in food ingestion and digestion.
O
besity is an enormous public health problem, arising as a consequence of alterations in eating behavior and how the body regulates energy intake, expenditure, and storage. Although an increased intake of energy-dense foods, especially when combined with reduced physical activity, surely contributes to the high prevalence of obesity, the existence of complex systems that regulate energy balance requires that this paradigm be considered in a larger context (1) . In particular, recent evidence suggests that the gut microbiota may play a role in obesity by increasing the host's energy-harvesting efficiency (2) (3) (4) . A mouse model has shown that Methanobrevibacter smithii, the predominant archaeon in the human gut, enhanced short-chain fatty acid (SCFA) production by fermentative bacteria by removing H 2 and formate (3) . Gut microbial diversity surveys have demonstrated a lower percentage of Bacteroidetes and proportionally more Firmicutes in obese mice compared with their lean counterparts (5) . Similar to these mice experiments, Ley et al. (6) have shown that the relative proportion of Bacteroidetes increased while Firmicutes decreased in humans on a weight-loss program. But with Firmicutes containing at least 250 genera and Bacteroidetes containing more than 20 genera, the observed differences at the higher division level have yet not pinpointed the specific bacteria exclusively associated with obesity (7) .
The treatment of obesity is challenging. Bariatric surgery is currently the only available treatment for morbid obesity that consistently achieves and sustains substantial weight loss (8) . Various surgical procedures designed to interfere with the ingestion and/or absorption of foods have been developed over the last 50-60 years. The Roux-en-Y gastric bypass (RYGB), currently the most commonly performed bariatric operation, involves creating a small (about 15-30 mL) gastric pouch from the fundus of the stomach. The distal stomach and proximal small intestine are bypassed by attaching the distal end of the mid-jejunum to the proximal gastric pouch (creating the Roux limb), and then reattaching the biliary and pancreatic limb at a specific location along the Roux limb. This surgery leads to changes in acid exposure to the gastric remnant and proximal small bowel, restricts the amount and types of food that can be comfortably ingested, promotes a modest degree of nutrient malabsorption by shortening the length of the small bowel, and may result in intestinal dysmotility, all of which might be expected to alter the gut microbiota. Presently, very little is known about the changes in the gut microbiota that occur after RYGB (9) , and, to the best of our knowledge, no information has been published on changes in microbial diversity after RYGB in humans.
Many previous studies examining the diversity of the human gut microbiota have relied on the generation of clone libraries of the 16S rRNA gene, followed by sequencing using the Sanger method. Using this methodology, none of the largest human gut microbial diversity surveys to date has sampled more than 20,000 bacterial sequences (6, 10, 11) . Nonparametric estimations and extrapolations from collector's curves predict that obtaining a much higher number of sequences can reveal as many as 500-15,000 species (10, 11) , which include relatively rare members of the microbial community that collectively could have a profound impact on gut health and disease, including obesity. Pyrosequencing, a sequencing-by-synthesis method, can achieve the much higher throughput, or number of sequences, needed to reveal the full diversity of the intestinal microbial community at a lower cost than the Sanger method (12) . Pyrosequencing has been used successfully to study the microbial community in animals (2), humans (13, 14) , soils (15) , and oceans (16).
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In the current study, we used the traditional Sanger and the high-throughput 454 pyrosequencing methods to analyze the human gut microbiota in 9 individuals, 3 in each of the categories of normal weight, morbidly obese, and post-gastric bypass surgery. Our goals were to identify specific microbial lineages that may play important roles in the development of obesity and also to determine whether the presence or abundance of these microorganisms changes after successful RYGB. Using 454 pyrosequencing, we were able to analyze 184,094 16S rRNA gene sequence tags of the human intestinal bacterial community from the 9 individuals. We also quantified the abundance of Bacteria and Archaea using quantitative real-time PCR (QPCR). To the best of our knowledge, this is the first report of a molecular survey of the gut microbiota after a surgical weight-loss procedure, in this case RYGB.
Results
Subject Characteristics. We studied stool samples from 9 subjects, 3 each in 3 groups: normal weight (nw), obese (ob), and post-gastric bypass (gb). Two of the 3 subjects in each group were female. Mean (Ϯ SD) subject age was similar in the 3 groups (nw, 36.7 Ϯ 4.0 years; ob, 35.7 Ϯ 4.2 years; gb, 43.3 Ϯ 8.1 years). Mean body mass index (BMI) was 22.7 Ϯ 2.3 kg/m 2 in the nw group, 48.3 Ϯ 7.7 kg/m 2 in the ob group, and 27.7 Ϯ 4.1 kg/m 2 in the gb group. The mean preoperative BMI in the gb group was 40.6 Ϯ 5.4 kg/m 2 , and the mean weight loss after RYGB was 40.7 Ϯ 5.9 kg. Stool samples were collected between 8 and 15 months after RYGB in the 3 gb subjects; at that point, weight loss had ceased in 1 of the subjects, whereas the 2 others were continuing to lose weight.
Human Gut Microbial Community Revealed by Sanger Sequencing and
High-Throughput Pyrosequencing. We first studied the human gut microbial community by traditional Sanger sequencing by building 9 bacterial clone libraries from the test subjects. We analyzed 2,817 sequences of ca. 600 bp in length; the results are shown as a phylogenetic tree in supporting information (SI) Fig. S1 . This tree clearly shows that the gut community contained sequences from 6 bacterial divisions/phyla. Most of the sequences belonged to Firmicutes and Bacteroidetes, with the rest distributed among Proteobacteria, Actinobacteria, Fusobacteria, and Verrucomicrobia. The family Prevotellaceae within the phylum Bacteroidetes and the family Erysipelotrichaceae within phylum Firmicutes harbored sequences mostly from obese individuals (indicated in red). The obesity-specific Prevotellaceae group contains carbohydrate-and protein-fermenting, acetate and H 2 producers, as inferred by their cultured phylogenetic relatives, such as Prevotella ruminicola (17) . Erysipelotrichaceae is peripherally related to the butyrate-producing superfamily Lachnospiraceae, including Clostridium XIVa and IV subgroups within the order Clostridiales, such as Lachnospira and Roseburia (17) . Butyrate produced by the gut bacteria is a major energy source for the colonic epithelium (18) . In contrast, Fusobacteria and the family Enterobacteriaceae within Proteobacteria were found only in the gb group.
To reveal the fine details of the human gut microbial community structures, we conducted massively parallel pyrosequencing on the hypervariable V6 region of the 16S rRNA gene. Used as a ''tag'' or ''bar code,'' the V6 region is part of the full-length 16S rRNA gene (16) . Table 1 shows that most of the V6 tags in this study were highly similar to reference sequences. For example, more than 92% of the tags had matches in the reference database with a distance shorter than 0.05, or 95% similarity, and the remainder (8%) had matches with a distance of 0.06-0.14. During taxonomic assignments, we found that a hypervariable V6 tag can match to multiple sequences in the reference database with the same shortest distance. In the majority of cases, all of the matches had the same taxonomy. In very few cases (Ͻ3%), 2 equally short distances we seen, pointing to different taxonomic classifications; however, these differences were quite deep in the classification (meaning that the 2 references were very similar in taxonomic rankings) and did not affect family-level classification. Table 2 summarizes the number of pyrosequencing tags found for each of the 9 human subjects. The average pyrosequencing read length was 105 bp (SD ϭ 22 bp). After applying stringent sequence trimming criteria to remove low-quality reads, we obtained a total of 184,094 high-quality trimmed reads, or 92.1% of the raw reads. The tag sequence per individual ranged from 13,963 to 31,835, with an average of 20,455. The subtotals of tags obtained within each weight group were comparable (nw, 56,600; ob, 61,916; gb, 59,016). Table 2 also shows that 419-575 phylotypes were obtained from pyrosequencing tags of the 9 subjects. Here phylotypes are defined as distinct, multiple-sequence alignment-corrected best matches to the V6 reference database V6RefDB. Our phylotype observations agree well with a previous prediction of at least 500 phylotypes in the human gut (10) . Fig. 1 illustrates the breakdown of the bacterial taxonomy at the class level, represented by pyrosequencing tags. Despite highly diverse bacterial communities and interindividual differences, obesity and gastric bypass clearly affected the intestinal microbial community. Compared with the nw and ob groups, the gb group had a marked increase in the relative abundance of Gammaproteobacteria (P Ͻ 0.005 for both cases) and proportionally fewer Clostridia (P ϭ 0.002 for nw and 0.029 for ob). Verrucomicrobia were generally abundant in the nw and gb groups but rare in the ob group. Fig. 2 shows the relative abundance of pyrosequencing tags at the family level. Prevotellaceae within the class Bacteroidetes were significantly enriched in the ob group compared with the nw group (P ϭ 0.040), even though the difference in the relative abundance of Bacteroidetes between the 2 groups was insignificant (P ϭ 0.061). Three other families-Coriobacteriaceae (phylum Actinobacteria), Erysipelotrichaceae (phylum Firmicutes), and Alcaligenaceae (phylum Proteobacteria)-also were somewhat enriched in the ob group (Fig. 2 ). Higher numbers of Coriobacteriaceae have been reported in formula-fed infants compared with breast-fed infants (19) . The family Alcaligenaceae, within the order Burkholderiales of Betaproteobacteria, also has been reported in the human gut (20) . In contrast, Enterobacteriaceae and Fusobacteriaceae were markedly increased in the gb group. The relative abundance of Enterobacteriaceae was higher in the gb group than in the the nw and ob groups (P ϭ 0.006 in both cases). The relative abundance of sequences affiliated with Lachnospira within the order Clostridiales was depleted in the ob and gb groups compared with the nm group (P ϭ 0.007 and 0.006, respectively). The beneficial Lachnospira are known pectin degraders (21) and play important roles in the colonic fermentation of dietary fibers. Interestingly, Verrucomicrobia phylotypes related to an uncultured Akkermansia sp. (GenBank accession: AJ400275) were prominent in 2 of the 3 subjects in the nw group and all 3 subjects in the gb group (3,813/61,916 and 8,597/59,016 sequences, respectively) but were poorly represented in the ob group (76/56,000 sequences). Fig. 3 compares taxonomic assignments by Sanger sequences and pyrosequencing tags. In general, these 2 methods were in good agreement for the more abundant taxa (Sanger reads Ͼ 10; pyrosequencing tags Ͼ 100). Data points lying along the x-axis are rare taxa missed by Sanger sequencing but captured by the higher-throughput pyrosequencing.
Archaea and Bacteria QPCR. We used QPCR to enumerate total Bacteria and Archaea. We also quantified the order Methanobacteriales, which harbors hydrogenotrophic methanogens, including the predominant human intestinal archaeon Methanobrevibacter smithii. As shown in Fig. 4 , Bacteria counts in the test subjects ranged from 1.5 ϫ 10 10 to 1.1 ϫ 10 11 copies of 16S rRNA gene per gram of wet stool. Intriguingly, we found higher numbers of Archaea in the ob group than in the other 2 groups. On average, the subjects in the ob group had 5.5 ϫ 10 6 copies (n ϭ 3) of 16S rRNA genes per gram of stool, compared with nondetectable levels in the nw group and 7.5 ϫ 10 3 copies/g from only 1 of the 3 subjects (gb1) in the gb group. The abundance of Methanobacteriales in the test subjects matched very well with that of total Archaea, confirming the dominance of hydrogenconsuming methanogens in the human intestinal archaeal population. In samples harboring Archaea (from subjects ob1, ob2, and ob3 and gb1), QPCR demonstrated no amplification with primers targeting methanogen subgroups other than Methanobacteriales, and PCR-DGGE with archaeal primers detected only a single band (data not shown). Thus, our results suggest a low archaeal diversity in our samples. Fig. 1 . Taxonomic breakdown of human intestinal bacterial V6 tags obtained by pyrosequencing in the normal-weight (nw1, nw2, and nw3), obese (ob1, ob2, and ob3), and post-gastric bypass (gb1, gb2, and gb3) subjects. Phylotypes were determined by obtaining each pyrosequencing tag's best match in the V6RefDB database and then combining all tags with the same reference.
Microbial Community Comparison by UniFrac. Fig. 5 shows the clusters based on UniFrac metrics. The most important finding is that the 3 subjects in the nw group formed a cluster very distinct from the ob group, indicating that they harbored different microbial communities. Two of the 3 subjects in the gb group formed their own cluster.
Species Richness Revealed by 16S rDNA V6 Pyrosequencing. Table S1 shows the great species richness in the human intestinal microbial communities. The nonparametric estimators Chao1 and ACE (abundance-based coverage estimator) (22, 23) project a total of 1,206-2,217 bacterial operational taxonomic units (OTUs). Additional sampling would be needed to capture the difference between the observed number of OTUs and the Chao1 or ACE estimates, as shown by rarefaction curves (Fig.  S2 ) based on the best matches in the V6refDB. Because different pyrosequencing tags can match to the same reference sequence in V6refDB, rarefaction curves based on best-match groupings could underestimate species richness. One way to overcome this is to cluster sequence tags into OTUs of defined distances (e.g., 0.03, 0.06, 0.09). Fig. S3 shows the species accumulation curve of sample nw1 using the DOTUR program. Clearly, even after sampling 31,835 sequences, the number of OTUs continued to increase at 3% (species level) or 6% (genus level). This observation warrants additional sampling to determine the true microbial diversity in the microbial community of the human intestine.
Discussion
In this study, we interrogated the genetic diversity of the microbial community of the human intestine in relation to a disease (obesity) and a surgical weight-loss procedure (RYGB) using culture-independent molecular phylogenetic and ecological statistic methods. Our results are notable for the following: (i) Obese individuals have distinctly different intestinal communities than normal-weight individuals, and (ii) RYGB alters the intestinal microbial community in a unique way.
Our results confirm an association between methanogenic Archaea and obesity. The normal-weight individuals had no methanogens, and only 1 post-gastric bypass individual had a small number of methanogens (Fig. 4) . This corroborates findings from a recent metagenomic study that detected more Archaea-derived gene fragments in genetically obese ob ϩ /ob ϩ mice than in their lean ob ϩ/Ϫ or ob Ϫ/Ϫ relatives (2). The mechanism connecting obesity to methanogens may be, at least in part, the transfer of hydrogen gas (H 2 ) from a H 2 -producing bacterium to a H 2 -using methanogen. Microbiologists and environmental engineers have long recognized interspecies H 2 transfer in rumen and engineered reactor systems (24, 25) . Recent animal studies have shown that methanogens increase host energy extraction from indigestible polysaccharides (3). The authors suggested that methanogens remove fermentation intermediates, such as H 2 or formate, thus relieving thermodynamic limitations and allowing greater production of SCFAs that are available to be absorbed across the intestinal epithelium. If interspecies H 2 transfer is indeed active in the human model, then the obesity-specific Archaea we found in this study (which are H 2 consumers) are likely to form a syntrophic partnership with H 2 -producing bacteria. Possible H 2 -producing bacterial partners could be members of Prevotellaceae (phylum Bacteroidetes), which we also found associated with obese individuals. Thus, our QPCR results for methanogens and bacterial diversity results from clone libraries and pyrosequencing support the hypothesis that Bacteria-Archaea syntrophy may be a novel biomarker of susceptibility to obesity.
A previous human weight-loss study of 12 obese subjects found an increase in the fraction of Bacteroidetes relative to each subject's baseline level (6). We did not study the longitudinal effect on the gut microbiota associated with weight loss by individuals. We found somewhat more Bacteroidetes in the obese individuals than in normal-weight individuals, but the difference was not significant. But our results clearly show that Prevotel- Fig. 3 . Correlation of Sanger sequence-and pyrosequencing tag-predicted taxonomic assignments. The number of sequences within a taxon by fulllength sequences is plotted against the number of tags from the same taxon using pyrosequencing. laceae, a subgroup of Bacteroidetes, was significantly enriched in the obese individuals. Ley et al. (6) did not report a change in subgroups within the Bacteroidetes. It is possible that weight loss affects these subgroups differently, causing one subgroup to increase while another decreases. Diet also may help explain the apparently different results. The test subjects in the study of Ley et al. (6) were on either a fat-restricted or carbohydraterestricted diet, whereas we did not limit dietary components in our test subjects. A recent study found no difference between the fraction of Bacteroidetes in obese and nonobese individuals (26) , in agreement with our results. The same study also reported no significant change in the relative abundance of Bacteroidetes in obese individuals on a weight-loss diet.
Although the connection between the relative abundance of Bacteroidetes and diet-induced weight loss of obese humans remains under debate (6, 26) , our results clearly show that an effective surgical treatment for morbid obesity, RYGB, markedly altered the stool microbial community structure toward a large increase in Gammaproteobacteria (96.2% of which were members of the family Enterobacteriaceae), a proportional decrease in Firmicutes, and a loss of methanogens. Although the reasons for this large shift are not yet clear, we propose a 4-pronged explanation. First, the anatomical and physiological changes caused by RYGB, particularly relating to changes in acid exposure to the gastric remnant and Roux limb and the shortened small intestinal length, likely favor the fast-growing facultative anaerobes of Gammaproteobacteria over such obligate anaerobes as Clostridia within Firmicutes. Second, facultative anaerobes are favored by the input of dissolved oxygen due to the shortened small bowel; normally, oxygen is completely removed before the beginning of the colon. Third, the surgical procedure, which bypasses the upper small intestine, also might relocate some of the typical small intestine microbiota, such as Enterobacteriaceae, to the large intestine, given the shorter length of the small bowel, possibly leading to more rapid transit of ingested materials to the colon. Fourth, because it drastically alters the anatomy of the gastrointestinal tract, gastric bypass surgery may affect food ingestion and digestion due to the reduced stomach and the shortened small intestine. Therefore, our results on the large microbial population shift in gastric bypass individuals may reflect the double impact of the gut alteration caused by the surgical procedure and the consequent changes in food ingestion and digestion.
To minimize the effect of antibiotics on microbial composition changes, we purposely chose gastric bypass patients who had not taken any antibiotics within 3 months before stool sample collection. Previous studies have shown that the dominant human microbiota is resilient to antibiotic treatment, and the microbial community composition generally returns to a predrug state after 30 days (27) . Another recent study found that the microbial composition in 3 individuals who had received a 5-day course of ciprofloxacin closely resembled that found before treatment by 4 weeks after the drug challenge (14) . Although our findings reflect the community shift for a single time point after surgery, the time point coincides with dramatic weight loss. More investigation involving more study subjects and temporal samplings before and after surgery is needed to gain more insight into the mechanisms involved and the cause-and-effect relationship among obesity, weight loss, the intestinal microbiota, and the influence of dietary changes after gastric bypass surgery.
Our approach of using V6 pyrosequencing sampled a large number of sequences in the human large intestine. The good agreement between taxonomic assignments done by Sanger sequences and pyrosequencing tags indicates that pyrosequencing tags described microbial community structures largely equivalent to those by the longer Sanger sequences at the phylum, class, order, and genus levels. At the same time, pyrosequencing revealed more rare taxa than Sanger sequencing. Our findings agree with a recent in-depth study that found equivalent taxonomic assignments by Sanger and tag pyrosequencing of V3 and V6 regions (28) . But species-level diversity generally requires longer 16S rRNA gene PCR amplicons, which can be obtained with additional primers. We are aware of the limitations of using the sequence similarity of the 16S rRNA gene to define phylotypes. Multiple rRNA genes in a bacterial genome can be 3% divergent (29) ; thus, distance-based prediction may overestimate species richness. In this study, we used a lower-end 97% cutoff for V6 tag phylotypes in rarefaction curves, which allowed us to more readily compare our bacterial diversity results with those of other studies. As with other molecular diversity surveys, primer coverage is a factor that may underestimate the true microbial diversity in a sample; however, this should not affect our comparisons across samples, given that primer coverage is not sample-dependent. Consequently, despite the implications of primer selection, our comparative conclusions still hold.
Summary Hypothesis and Implications. Our results extend the findings of others by demonstrating that obese individuals harbor unique H 2 -producing bacterial groups, particularly members of the Prevotellaceae family and certain groups within Firmicutes. These H 2 -producing bacteria coexist in the gastrointestinal tracts of obese subjects with relatively high numbers of H 2 -oxidizing methanogenic Archaea. Methanogens may comprise up to 10% of all anaerobes in the colon. They may be more likely to inhabit epithelium biofilms than stools because of their slower growth rates (25) . On the other hand, living closer to the intestinal epithelium may expose the strictly anaerobic methanogens to a more oxidizing environment. Analysis of colon mucosal biopsy specimens is needed to address the question of whether proportions of methanogens are higher in mucosal biofilms than in stool samples. This analysis also will be useful in determining whether higher numbers of H 2 -producing bacteria inhabit the gut mucosal layer. Previous studies have found differing bacterial composition in mucosa and stool samples (10) , and the mucosal bacteria perform beneficial functions, including enhancing nutrient absorption, inducing host immunity, and modifying host gene expression (30) .
Plant polysaccharides and dietary fibers are fermented by gut bacteria with the production of SCFAs, including formate, acetate, propionate, butyrate, and lactate. An increase in H 2 -oxidizing methanogenesis facilitates fermentation, which produces more SCFA. Formate also can be directly used by hydrogenotrophic methanogens. Propionate, butyrate, and lactate can be fermented to acetate and H 2 , the latter of which is used by hydrogenotrophic methanogens. Consequently, the increase of H 2 -oxidizing methanogenesis should increase the conversion of plant polysaccharides to SCFAs, particularly acetate. Our findings have a clear link to energy homeostasis in humans, because the SCFAs produced by the fermentative bacteria are taken up through the epithelium of the human intestine, whereas H 2 is a well-known factor for energy exchange within microbial communities (31) .
Our findings lead us to the following hypothesis regarding interspecies H 2 transfer between bacterial and archaeal species and how it affects energy uptake by humans. Rapid H 2 uptake by methanogens accelerates the fermentation of plant polysaccharides and other carbohydrates by H 2 -producing fermenters such as Prevotellaceae. The accelerated fermentation stimulates the hydrolysis of usually indigestible organic matter and leads to increased production of acetate, which is absorbed by the human gut.
Materials and Methods
Human Subjects and Stool Sampling. We studied 9 unrelated human subjects without current gastrointestinal symptoms or a history of chronic gastrointestinal problems, divided into 3 groups: 3 individuals of normal weight (subjects nw1, nw2, and nw3; BMI, 20 -25 kg/m 2 ), 3 morbidly obese individuals (subjects ob1, ob2, and ob3; BMI Ͼ 35 kg/m 2 ), and 3 individuals who had undergone RYGB at least 6 months earlier (subjects gb1, gb2, and gb3; preoperative BMI Ͼ 35 kg/m 2 ). None of the human subjects lived in the same household, and none had received any antibiotic, probiotic, or prebiotic agents in the 3-month period before the collection of fecal samples. After collection, stool samples were frozen at Ϫ80°C until the molecular analyses were conducted. The Mayo Clinic's Institutional Review Board approved the study, and all subjects provided written informed content.
Clone Library Construction, Phylogenetic Analysis, and Comparison of Communities by UniFrac. We isolated genomic DNA from human stool samples (wet weight, 0.2 g) with the QIAamp DNA Stool Kit (Qiagen), following the manufacturer's instructions. We constructed 16S rDNA clone libraries with primers 8f and 1525r (32) and sequenced the inserts with an ABI 3730xl capillary sequencer. Sequences were aligned with NAST (33), imported into an ARB database (greengenes.arb, version 23, May 2007), and added into a backbone tree (''treeall'' with 137,916 near-full-length reference sequences) with the ''LanemaskPH'' filter. Possible differences in microbial community structures among the 3 study groups were explored using unweighted UniFrac metrics (5) . The library and tree construction is described in more detail in SI Materials and Methods.
16S rDNA V6 Pyrosequencing and Data Analysis. We used bacterial primers 967f and 1046r (16) to amplify the V6 region of the 16S rRNA gene. Amplicon pyrosequencing was performed with standard 454/Roche GS-FLX protocols (12) . For data analysis, we modified the methodology described by Sogin et al. (16) by restricting taxonomy assignments to those alignments longer than 57 bp; by doing so, we excluded very short BLAST matches that were not informative. We used the Ribosomal Database Project's Classifier 2.0 (34) to assign taxonomy. For distance-based species richness estimation, we aligned the tags using MAFFT with the PartTree algorithm (35) , calculated a distance matrix with QuickDist (16) , and clustered sequences into OTUs with DOTUR (36) . Details of tag analysis are described in SI Materials and Methods.
Real-Time QPCR. To quantify Bacteria, Archaea, and the archaeal subgroups, we performed 16S rRNA gene-targeted QPCR with either SYBR-green (for Bacteria) or TaqMan detection (for Archaea, Methanobacteriales, Methanomicrobiales, and Methanosaetaceae) (37, 38) . Details of the standards and PCR conditions are provided in SI Materials and Methods.
